We report on the fabrication of a grating-based add-drop filter in SiON planar waveguide technology. We achieved apodization of the Bragg grating by concatenating subgratings with various duty cycles. We present the theoretical and experimental dependence of the coupling coefficient on the duty cycle, which leads to a minimum coupling coefficient of 30%. With a breeder genetic algorithm we were able to find optimal apodization profiles within this limited coupling coefficient range. The final device is compatible with a 100-GHz channel spacing and has a bandwidth utilization factor of 36%.
INTRODUCTION
The migration of wavelength division multiplexing schemes from point-to-point long-haul systems to meshed metropolitan area networks demands optical filters that add and/or drop single-wavelength channels at certain network nodes while allowing the majority of the channels to pass the node undisturbed. One possible design of such an add-drop filter consists of a balanced MachZehnder interferometer with two identical Bragg gratings, one on each of the two interferometer arms. This was originally suggested by Johnson et al. 1 and is schematically shown in Fig. 1 . This filter is favorable over other designs 2, 3 when small channel distances and integration with other planar optical waveguide components are desired and outweighs the disadvantage of a limited tunability when the filter is implemented in glass waveguides. As described by Johnson et al., 1 the wavelength characteristic in a perfect filter implementation is determined solely by the Bragg grating. More specifically the spectrum at the drop port corresponds to the reflection spectrum of the grating and the spectrum at the through port of the grating's transmission spectrum. Therefore, to ensure a low interchannel cross talk, one must suppress the sidelobes in the reflection spectrum of a uniform Bragg grating by tapering the grating strength. 4 In semiconductors or planar glass waveguides, Bragg gratings can be realized by etching a corrugation into a waveguide surface.
For variation of the coupling strength the following schemes have been proposed:
• A variation in the etch depth is the obvious way to adjust the coupling strength to achieve a certain apodization profile. 5 However, in view of process reproducibility, the use of a binary etching process is preferred.
• One way to change the effective strength of a grating is to insert grating-free waveguide sections. Shibata et al. 6 alternate these sections with an increased proportion of corrugated waveguide length in the middle of the grating assembly. It is, however, neither straightforward to find the optimal distribution of corrugated and gratingfree sections, nor is the maximum achievable sidelobe suppression easy to calculate. Shibata et al. 6 demonstrated a Ϫ10-dB suppression; our own simulations and optimizations give best simulated results of Ϫ20 dB.
• Two other apodization schemes for corrugated gratings use another basic principle, namely, detuning of the constructive interference between resonant waves reflected at the various refractive-index steps. This can be achieved by a change in the optical path lengths either within one period or for two consecutive periods. The former method thus tunes the duty cycle away from 50% to decrease the grating strength and was suggested by Sakata. 7 The duty cycle is defined as the ratio of gratingtooth width w and grating period ⌳. For duty cycles smaller than 50%, that grating tooth is narrower than the grating groove. The second method proposed by Lupu et al. 8 alternates one period, having a much smaller period length, with one having an equivalently larger grating period. At first glance both methods seem equally difficult if the production of small grating grooves (tens of nanometers) and small grating ridges is equally demanding. We found, 9 however, that small grating ridges are feasible, whereas narrow grooves are not completely filled in our technology. Thus we explored the possibility to apodize a surface-corrugated grating by varying its duty cycle.
A successfully apodized Bragg grating on a straight planar SiON waveguide has been shown previously. 10 Here we present a systematic study of the coupling coefficient dependence on the duty cycles achieved for uniform Bragg gratings, the optimization of the apodization profiles for the limited range of realizable coupling coefficients, and, to the best of our knowledge, the first realization of an add-drop filter with surface-corrugated Bragg gratings that are apodized by a concatenation of various duty cycles. The filter exhibits an intrachannel cross talk better than Ϫ30 dB (corresponding to a grating reflectivity of more than 99.9%) and a sidelobe suppression better than Ϫ20 dB, complying with a channel spacing of 100 GHz.
FABRICATION OF SiON WAVEGUIDES AND SURFACE-CORRUGATED GRATINGS
We have achieved a grating-based add-drop filter in SiON planar waveguides. 11 The waveguide core material that consists of silica doped with 8% of nitrogen is deposited on thermally oxidized silicon wafers. The gratings were defined before we structured the ridge waveguide. We used a LION-LV1 electron-beam machine to expose the gratings in poly(methyl) methacrylate resist. The width of each line was individually controlled by an appropriate choice of values for the applied line dose and for the defocus of the electron beam. 12 A lift-off process was used to reverse the pattern that was subsequently transferred to a chromium layer. The chromium then acted as a mask for the 70-nm reactive ion etching of the SiON layer. The lift-off process was preferred over a direct pattern transfer because it creates smaller structures and thus smaller duty cycles in SiON. 9 The width of the grating was chosen as three times the width of the ridge waveguide, thus relieving the alignment tolerances. After completion of the grating the ridge waveguide was defined by photolithography and reactive ion etching. The grating parts on either side of the ridge waveguide were uniformly etched to 1.2 m. For the coupling strength tests we wrote the gratings on straight waveguides. To form the add-drop filter we fabricated wider gratings (110 m) that extended over both arms of the balanced Mach-Zehnder interferometer (Fig. 1) . Instead of directional couplers with a fixed coupling ratio we used tunable couplers to achieve an exact 50% coupling ratio independent of process fluctuations. 3 Similarly, we deposited chromium heaters on the Mach-Zehnder interferometer arms, next to the gratings, to fine tune the phase difference between the two arms. Further details about the grating and the waveguide fabrication processes can be found elsewhere. 10, 11 
SIMULATION AND MEASUREMENT OF UNIFORM BRAGG GRATINGS WITH DIFFERENT DUTY CYCLES
To simulate the dependence of the coupling coefficient on the duty cycle we wanted to use a model that is accurate enough to take the three-dimensional structure into account and fast enough to allow a variety of corrugation depths and duty cycles to be evaluated. We decided to follow a derivation of the coupled-mode equations obtained by Agrawal and Dutta. 13 For the unperturbed structure we used the Streifer et al. definition, 14 i.e., we replaced the corrugated waveguide with an unperturbed waveguide of reduced height. The latter was chosen such that the volume, now filled with core material, equals the volume of core material that was removed to nullify the self-coupling coefficient. 15 The height of the unperturbed waveguide is thus duty-cycle dependent. We then determined the mode field distribution U(x, y) and the effective refractive index n eff of the fundamental mode for the unperturbed structure with the multigrid finite difference method. 16 As is well known, the grating can then be taken into account as a perturbation that couples the amplitudes of the backward and forward propagating fundamental modes E ϩ (z) and E Ϫ (z), respectively, according to Eq. (1):
Following Yamada and Sakuda 17 we used the matrix representation of the solution. ⌬␤ is the deviation of the propagation constant ␤ from phase matching, z is the direction of propagation, and ⌳ is the period of the grating. Coupling coefficient is given in Eq. (2): 
where ⌬⑀ 1 is the first Fourier coefficient of the dielectric perturbation. Note that we have arranged the dielectric perturbation symmetrically around z ϭ 0 to obtain a real value 18 for . Inserting the Fourier coefficient for rectangular grating teeth and a grating duty cycle of w/⌳ leads to
Equation (3) reveals all the influences of the grating duty cycle on the grating response.
• As mentioned above, the height of the unperturbed waveguide depends on both the corrugation depth and the duty cycle. Because of the dependence of the unperturbed waveguide geometry on the duty cycle, both the effective refractive index n eff and the mode profile U(x, y) depend on the duty cycle.
• The change in the mode profile U(x, y) results in a duty-cycle dependent overlap integral in Eq. (3). The magnitude of the overlap integral and hence of over the full range of duty cycles changes by approximately 10%.
• The effective refractive index n eff changes by approximately 0.1% when the duty cycle is swept from 1 to 0. This effect on is therefore negligible. On the other hand, an n eff change causes a duty-cycle dependent Bragg resonance wavelength Bragg ϭ 2n eff ⌳. A 0.1% change means that the Bragg resonance wavelength varies up to 1.5 nm along a grating that consists of different dutycycle subgratings. This chirp results in an unwanted broadening of the filter function. We compensated for this by changing the period ⌳ of the gratings such that
Bragg is identical for all duty cycles.
• The major influence of the duty cycle on the coupling coefficient is exerted by the term sin(w/⌳) in Eq. (3), which states that the coupling coefficient can be tuned from 0 to its maximum value by a change in duty cycle from 0 to approximately 0.5 or from 1 to approximately 0.5. Owing to the other effects mentioned above, the maximum coupling coefficient is achieved for duty cycles slightly smaller than 0.5. An apodization of the grating is hence possible through a concatenation of subgratings with different duty cycles. The range of feasible duty cycles determines the possible degree of apodization. Figure 2 shows the theoretical duty-cycle dependence of the coupling coefficient. The calculation was performed for a standard SiON ridge waveguide.
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The gratingtooth height amounted to h ϭ 70 nm and the grating period to Bragg ϭ 1550 nm.
To assess the duty-cycle dependence of the coupling coefficients predicted by the calculations, we fabricated a series of uniform gratings on straight waveguides with various duty cycles. The lengths of the gratings were chosen to result in a Bragg-resonant transmission loss between Ϫ10 and Ϫ15 dB based on the theoretically determined coupling coefficients. The lengths lay between 0.2 and 0.7 mm. Figure 3 shows the reflection and transmission spectra of these gratings. The displayed measurements were performed with TE-polarized light from a broadband source and an optical spectrum analyzer. The wavelength resolution of the latter explains the limited resolution of the sidelobes in the reflection spectra, especially in the weaker gratings with the smaller coupling coefficients. For better visibility we offset the transmission spectra by 7.5 dB and the reflection spectra by 14 dB. In addition, we enlarged the transmission spectra for the two weakest gratings by factors of 10 and 20, respectively. As can be seen from the intensity distribution of the sidelobes, the optical quality of the gratings with duty cycles between 20% and 50% is good. The Bragg resonance wavelength is also identical for these gratings, indicating that the different effective refractive indices have been successfully compensated by an appropriate choice of the grating period. Below a duty cycle of 15% the sidelobe intensity distribution starts to deviate from expected synclike functions and the Bragg resonance wavelength is shifted toward longer wavelengths. The former result indicates a coupling coefficient fluctuation along the grating, the latter that the effective refractive index deviates from the expected value for which the grating period was chosen.
From the magnitude of the transmission loss at the Bragg resonance we have determined the coupling coefficient according to
which can be derived from Eq. (1). Figure 4 shows the calculated and experimental coupling coefficients as a function of the duty cycle. The discrepancy between the simulation and the experimental results can be divided into a difference in magnitude of the coupling and different shapes of the coupling coefficient dependence on the duty cycle. First, for a duty cycle of approximately 50% the grating seems to couple stronger than predicted by the simulations. We explain this as the result of a slight deviation in the etch depth. With an improved process control this can be avoided. More striking are the different shapes, i.e., the much more rapid decrease in the coupling strength when we use smaller duty cycles. In part this is caused by a degradation of the grating teeth during the waveguide ridge structuring. As mentioned above and as described in more detail in Ref. 9 , the grating is structured prior to the etching of the ridge waveguide, therefore the grating teeth beside the grating ridge undergo a 1.2-m anisotropic uniform reactive ion etching. During this step of the process the tooth shape changes from almost rectangular to triangular and the height increasingly decreases the narrower the grating teeth, i.e., the smaller the duty cycle. Since approximately 30% of the coupling occurs at the grating teeth beside the grating ridge in the case of no degradation, the overall coupling can thus be decreased at most by the amount for small duty cycles. Because the effect is less pronounced for larger features, the dependence of the coupling coefficient on the duty cycle becomes steeper. Figure 5 shows another comparison between the experimentally determined coupling coefficient and the simulated values of another wafer, where the simulation takes the degradation of the grating teeth into account. The uneven sidelobe intensities in the reflection spectra and the vanishing coupling strength for gratings with smaller duty cycles indicate, however, that not only the grating teeth beside the grating ridge are degraded but also the ones on the grating ridge. Although the statistical grating-tooth failure opens up the whole range of coupling coefficients, from its maximum to zero, these ranges of small duty cycles should be avoided for the sake of a reproducible process. For the construction of apodized gratings the range of duty cycles lies between 20% and 50% and thus coupling coefficients of between 30% and the maximum value can therefore be used.
OPTIMIZATION OF THE APODIZATION PROFILE
All analytical methods for the synthesis of apodized gratings, i.e., all methods that can be used to calculate the necessary coupling strength distribution given a desired reflection spectrum of a Bragg grating, suffer from their solution domain, which is infinite. However, apodized gratings constructed by a concatenation of gratings with different duty cycles, not only require a finite grating length but also restrict the coupling coefficient range significantly. A truncation or raising of the found coupling strengths distribution is necessary to map the synthesized solutions into realistic parameter space. Figure 6 shows the effect of raising a Hamming taper function to comply with minimum coupling coefficients of 0%, 14%, and 30%. Grating strength L was set to seven for all three gratings. As one can see from Fig. 6 , the sidelobe level increases from Ϫ46 to Ϫ19 and to Ϫ14 dB when the minimum coupling coefficient is increased. The truncation of the optimal apodization profile has obviously rendered it useless. We thus chose to synthesize our apodization profile by combining an optimization of the grating responses within the restricted parameter space with a fast grating analysis.
To calculate the response of a grating with a varying duty cycle we constructed the grating from piecewise uniform subgratings with different duty cycles. By multiplying all matrices F i for subgratings i according to Eq.
(1) we can easily calculate the response of the concatenated grating. To optimize the grating response we decided to vary each length of the subgratings with a fixed coupling coefficient rather than vary the coupling coefficients of fixed-length subgratings. In that way we could determine a predefined coupling coefficient order and thus reduce the vast parameter space. This was found to be a necessary precondition to guarantee reasonably fast optimizations.
A canonic figure of merit for the grating filter response is the bandwidth utilization (BWU) factor for a given channel spacing, intrachannel cross talk, and interchannel cross talk. It is defined as the ratio of channel width with an intrachannel cross talk of less than Ϫ30 dB and minimum channel spacing for an interchannel cross talk of less than Ϫ20 dB. 19 However, the BWU factor is a strongly varying function of the subgrating lengths and thus not well suited as the quantity to be optimized. We preferred to define two boxlike reflection spectra, one given by the intrachannel cross-talk requirements and the other by the interchannel cross-talk limits, and a rolloff regime in between. The magnitude of violation of these limits was summed up for all wavelengths to yield an error function that is minimized by the optimization routine. Summarizing the properties of the optimization problem presents the following picture. The free parameters, the subgrating lengths, should be integer multiples of the grating period, i.e., integer numbers have to be optimized. To represent the apodization profile smoothly the number of subgratings was chosen to be around 30. With the resulting dimensionality of the search space, the numerical evaluations of function derivatives necessary for a conventional gradient search becomes time intense, which naturally leads to an optimization routine based on function evaluations only. Since the error function is characterized by numerous local minima we chose to apply an evolutionary algorithm for the optimization, namely, the breeder genetic algorithm.
One can use evolutionary and genetic algorithms to determine optimal solutions to a given problem by mimicking the search process of natural evolution. The search starts with the population of individuals, i.e., a certain number of possible solutions to the problem. In the presented case these solutions are n tupels of subgrating lengths that are presented in Cray code to prevent a distribution bias in the bit representation of each segment. Each individual has a certain fitness, which is the inverse of the above-described error function. One optimization round consists of the following steps:
• Two individuals are chosen with a probability that increases, the greater their fitness (roulette wheel selection).
• A crossover operator is applied to the chosen individuals, which means that the bit strings of these individuals are split at a randomly chosen position and the remainders are swapped.
• A mutation operator is applied to both bit streams, flipping one bit with a small probability.
• The individuals are merged with the population and the two worst individuals are dropped.
• If the termination criteria, which could be either a desired fitness, a maximum number of iterations, or a minimum fitness progress has not been reached, the cycle starts again.
The reader could have noticed some differences with originally suggested genetic algorithms, 20 especially the merging of new individuals into the population instead of a complete replacement of the old population. This change was suggested by Mü hlenbein and Schlierkamp-Voosen 21 who found that efficient evolutionary algorithms for optimization should be similar to the science of breeding rather than to natural selection. Further details about the chosen algorithm and a variety of design examples in the field of computational optics and electromagnetics that have been successfully solved with this evolutionary algorithm implementation can be found elsewhere.
22 Figure 7 shows the optimized simulated reflection and transmission spectra for a grating with a coupling coefficient distribution depicted in the inset. The width outside of which R Ͻ Ϫ20 dB amounts to 1.02 nm, the channel width (T Ͻ Ϫ30 dB) amounts to 0.50 nm. This enables a minimum channel distance of 0.76 nm with a BWU of 66%. In comparison, the BWU for the raised Fig. 6 . Effect of the truncation of the Hamming taper function on sidelobe suppression. The reflection spectra have been calculated with the coupled-mode theory. The minimum coupling coefficients min were chosen to be 0%, 14%, and 30% of the maximum value max . The latter was adjusted such that all three gratings had the same strength, i.e., mean was the same.
Hamming distribution (Fig. 6 ) amounts to 37% and that for a uniform grating with the same average grating strength to 14%.
If we keep in mind Kogelnik's intuitive motivation of taper profiles, namely, that most importantly the coupling coefficient is to vary smoothly, the found apodization profile is to be expected at least qualitatively. The unavoidable jump from zero to 30% of max at the grating edges is matched by a steep slope of the apodization profile at the grating edges.
MEASUREMENT OF AN APODIZED ADD-DROP FILTER
We used the optimized coupling coefficient distribution to fabricate a Bragg grating-based add-drop filter (Fig. 1) . The corresponding duty-cycle distribution was calculated with Eq. (3) and uses a minimum duty cycle of approximately 10%. Figure 8 shows the spectra at the drop and the through ports measured with TM-polarized light from a tunable fiber laser together with its simulated counterparts. The simulation is based on the coupling coefficients that were determined from the uniform gratings on the same wafer (Fig. 4) , which results in a slightly steeper coupling coefficient distribution at the grating ends than was found optimal. The agreement between experimental and theoretical curves emphasizes the success of the apodization concept, namely, the concatenation of different duty-cycle gratings. It also shows that the simulation approach to dissect the grating into piecewise uniform gratings is sufficiently accurate for our application. Although the apodization profile is not optimal, we achieved a channel bandwidth, i.e., the wavelength range over which the transmission is less than Ϫ30 dB, of approximately 0.29 nm. The sidelobes in the reflection spectrum are better suppressed than Ϫ20 dB outside a band of 1.26 nm, which allows a minimum channel spacing of 0.78 nm and thus complies with a 100-GHz channel spacing. The BWU factor was 36%. Figure 9 shows the optical spectra measured at all four ports of the add-drop filter for TE-polarized light. The differences between the transmission and the reflection spectra of the Bragg gratings for the two interferometer arms result in an optical signal at the second output port and the input port. From the spectrum of the light reflected back into the input port, in particular, we can see that the height of the first sidelobes in the reflection spectra of the two gratings differs by as much as 50%. We attribute this to the earlier described statistical failure of small grating teeth that could be greatly reduced if we increased the minimum duty cycle from 10% to 20%.
SUMMARY
In summary, we have presented the successful realization of a grating-based add-drop filter with an apodization through concatenation of subgratings with different duty cycles. It has been shown that a duty-cycle variation between 20% and 50% results in high-quality gratings that allow a coupling coefficient variation from 30% to 100% of the maximum value. Based on this range of duty cycles, the mapping of conventional apodization functions fails. Fig. 7 . Calculated reflection and transmission spectra of an apodized grating with a coupling strength distribution that was optimized with the breeder genetic algorithm. The coupling strength distribution is shown in the inset. Fig. 8 . Comparison between measured and simulated transmission and reflection spectra for apodized gratings, based on a concatenation of gratings with different duty cycles. The measurement was performed with TM-polarized light. Fig. 9 . Spectra measured at the four ports of the add-drop filter with TE-polarized light. The spectra were normalized to the transmission through a noncorrugated waveguide.
We thus applied a breeder genetic algorithm that yields far better apodization. Finally, the results have been combined to fabricate an add-drop filter that is compatible with a 100-GHz channel spacing and has a bandwidth utilization factor of 36%. D. Wiesmann's e-mail address is dor@zurich.ibm.com.
